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(54) Ultra-high-speed semiconductor optical modulator with traveling-wave electrode 



(57) A wideband senniconductor electro-absorption 
optical modulator including a semiconductor core (5) 
shorter in absorption -peak wavelength tlian a wave- 
length of optical signal, and an electrode for applying an 
electric signal to absorb the optical signal by shifting the 
absorption-peak wavelength to a long wavelength re- 
gion when a voltage is applied, wherein an electric sig- 
nal input port (I) and an electric signal output port (11) are 
disposed so that the electrode is constructed in the form 
of a traveling-wave electrode, and a total thickness (D) 



of non-doped layers including the semiconductor core 
is reduced to decrease a driving voltage. Degradation 
of optical modulation bandwidth and reflection charac- 
teristic of the electric signal caused by mismatching of 
characteristic impedance to an outer circuit are reduced 
by decreasing an interaction length of the electric signal 
and the optical signal. Further, mismatching of charac- 
teristic impedance is corrected by adjusting a doping 
concentration of a p-type or n-type doped layer (3,6) lo- 
cated above or beneath the semiconductor core. 
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Description 

This invention relates to a semiconductor optical modulator, more specifically to an ultra-high speed semiconductor 
uSlrwide°band^dTlI ^ ^'^''^^'"^''^^''^ electrode which operates at a low driving voltage, with reduced loss and In 

The present invention can be applied to a future uKra-high capacity optical transmission system to be used in the 

U.S. snci curops. 

High-speed semiconductor optical modulators studied for future high-density transmission systems can be cate- 
gorized into two types. One is an electro-absorption (E-A) optical modulator with a lumped-element (L-E) electrode 
The other is an electro-optic (E-O) optical modulator with a traveling-wave (T-W) electrode. The following will discuss 
a semiconductor electro-absorption optical modulator with a lumped-element electrode and a semiconductor electro- 
optic optical modulator with a traveling-wave electrode. 

Figure 1 shows a bird-view of a conventional semiconductor electro-absorption optical modulator with a lumped- 
element electrode. In this Fig. 1 is the p-electrode. 2 is the p*-lnGaAs cap layer, 3 is the p-lnP cladding layer, and 5 is 
the core. Here, an i-lnGaAIA8(13 nm)/lnAIAs(5 nm) multi-quantum well (MOW) core is assumed to be used for a core 
Six is a n-lnP cladding. 7 is a n-lnP substrate, 8 is a n-electrode, and 9 is a polyimide. Here, the electrode on the 
polyimide 9 is called a bonding pad and 10 is a bonding wire. The electric signal supplied by a signal generator is 
applied to the bonding wire 10. a t-r- y ynai ycnciaiui is 

In order to explain the operation principle of a semiconductor electro-absorptfon optical modulator an optical ab- 
sorption spectrum of the |y/IQW core 5 is shown in Fig. 2. The optical absorption peak is set at around 1 49 iim for a 
signal light of 1.55 nm. As shown in this figure, since the difference between the wavelength of the operating signal 
light and the wavelength of the absorption edge is large for the zero-biased condition (solid line A), the incident wave 
can be emitted without suffering significant absorption Thus, the ON-state can be achieved. On the other hand since 
the absorption spectrum is shifted toward the long wavelength region under the reverse-biased condition (broken line 
B), the signal light is absorbed in the i-MQW coro, 5. This results in the OFF-state. 

The p-electrode. 1 , of this conventional semiconductor optical modulator is used for lumped-element operation 
In order to explain the operation, Fig. 3 shows an equivalent circuit, which includes a driving signal generator Here' 
nfrnl^ Moll? ^'9"^' 9«"^^^'°:' is its characteristic impedance. is a termination resistor. C^^ is the capacitance 
o the i-MQW core. 5, and Cp is the capacitance of the above-mentioned bonding pad. The electrical 3-dB bandwidth 
Atg,. lor this structure can be approximately expressed as, 

Af„=1/(«.RL.C„Q^). (1) 

Generally, the termination resistor Rl has the same characteristic impedance of 50 a as that (Rq) of the drivina 
signal generator Sq. Here, we assumed that since the capacitance of the pad is sufficiently small, the total capacitance 
can be determined by the capacitance of the i-MQW core. 5. When we assume that the thickness (d), width (W) and 
length (L) of the i-IVIQW core, 5. are respectively 0.2 nm. 2 ^m and 300 ^m. the capacitance of the i-MQW core 5 can 
be obtained from the following equation, ' 

^MQW = eo-^-W-Lyd. (2) 

4S .,^,1^®'®' ^ ^"^ ^ respectively the dielectric constant of the vacuum and the relative dielectric constant of the i- 

MQW core, 5. 

From the Eqs^ (1) and (2). the electrical 3-dB bandwidth. Af^, for the above-mentioned semiconductor lumped- 
element optical MQW modulator is around 20 GHz or less. Although the electrical 3-dB bandwidth. AL,. can be improved 
by using smaller value of C^,qvv. the extinction ratio of the signal light is degraded. When we assume that A Is the 
so 'PJ"'^^^.^ absorption coefficient and r is the confinement factor of the propagating field into the I-MQW core 5 
the extinction ratio, R, of the signal light can be expressed as, ' ' 
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R = exp(-Aa-r.L). 



(3) 



ss 



As shown in this equation, a too short i-MQW core, 5, degrades the extinction ratio. Thus, a too short i-MQW core 
5, cannot be used from the viewpoint of the extinction ratio. 

As explained above, there is a severe trade-off between the electrical 3-dB bandwidth Afe^ which is limited by the 
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CR-constant. and the extinction ratio. Thus, there is a great difficulty for realizing an ultra high-speed semiconductor 
optical modulator with a 50 GH7 modulation bandwidth and a high extinction ratio. 

The conventional semiconductor optical modulator with a traveling-wave electrode makes use of the electro-optic 
effect which means that the refractive index is changed by applying the biased voltage (R SPICKERMANN et al lEE 
Electronics Letters, vol. 32. pp. 1095-1096. 1996). The semiconductor optical modulator's equivalent circuit Is shown 
in Fig. 4. As is well known, the modulation index, m(f). can be expressed as (S. H. Lin et al., Applied optics vol 26 
pp. 1696-1700. 1987). , . , 



^/.x (l-rir2)exp(y^o^) 



= exp(±;(|»^)sin(|)^/<|)j. 

^±=[Pe -Po)L/2 

PO=<^mV=0 
Z- Rq 

= ZTWq (5) 
Z- R, 

where L is an interaction length between the electric signal and light, i. e, the length of the traveling-wave electrode. 
And, no and n^ are respectively the effective indexes of the optical wave and electric signal. Here, (o^ is the angular 
frequency of the electric signal, Cq is light velocity in the vacuum, is the microwave attenuation factor, and 2 is the 
characteristic impedance of the semiconductor optical modulator using the traveling -wave electrode. 

Since the characteristic impedance of the conventional optical modulator is 5012, the non-doped layer, which does 
not have Intentional doping, is thick. Furthermore, the electrooptic effect, i.e. index change effect, is small even for 
the case of a MOW core structure. Thus, the traveling-wave electrodes have long interaction lengths of the order ot 
millimeters. 

Next, the influence of the electrode length on the modulation bandwidth will be qualitatively discussed. For sim- 
plicity, by assuming the velocity matching between electric signal and light (n„ = n^,) and impedance matching between 
a semiconductor optica! modulator and outer circuits (Z = Rq = RJ, the following simple relation can be obtained from 
so Eq. (4) for the modulation bandwidth, Af , 



Af oc 1/(a„L)'. (6) 

Therefore, long traveling-wave electrodes significantly degrade the modulation bandwidth due to the electrode 
conductor loss. 

Thus, it was almost impossible to realize a high-speed semiconductor electro-optic optical modulator with a low- 
driving voltage by making use of a traveling-wave electrode. 
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Recently, one traveling-wave semiconductor electro-absorption modulator has been reported (N. Agrawal, et al.. 
European conf. Integ. Opt. (ECiO), 1997, Paper EFB3-1). It has a relatively short interaction length (500 pm), but its 
modulation bandwidth was limited to 18 GHz {3-dB electrical) and no data has been reported on the driving voltage, 
intrinsic layer thickness, and characteristic impedance. 
5 Embodiments of the present invention provide an ultra-high speed semiconductor optical modulator witn a 

traveling-wave electrode which is superior in optica! modulation bandwidth. 

Embodiments ol the present invention further provide a semiconductor optical modulator, which has both advan- 
tages of a lumped-element electrode construction and a traveling-wave electrode construction, is low in driving voltage 
and insertion loss, and has optical modulation characteristics of ultra-wide bandwidth. 
10 A first aspect of the present invention, an ultra-high speed semiconductor optical modulator with a traveling-wave 

electrode comprising a semiconductor core which is shorter in absorption-peak wavelength than a wavelength of optical 
signal, and an electrode for applying an electric signal to absorb the optical signal by shifting the absorption-peak 
wavelength to a long wavelength region when the voltage is applied, wherein the electrode is constructed in the form 
of a traveling-wave electrode, which can be applied with an electric signal to one end thereof and an electric signal 
is can be taken out from the other end. 

Here, the other end of the traveling-wave electrode may be connected with a termination resistor. 
Further, a characteristic Impedance of an outer circuit connected to the other end may be equal to the characteristic 
impedance of the optical modulator. 

Still further, a non-doped semiconductor layer may be provided between the semiconductor core and an upper 
20 cladding layer located Ihereabove. A non-doped semiconductor layer may be provided between the semiconductor 
core and a lower cladding layer located therebeneath. Yet further, non-doped semiconductor layers may be provided 
individually between the semiconductor core and the upper cladding layer located thereabove, and between the sem- 
iconductor core and the lower cladding layer located therebeneath. 

In the first aspect of the present invention, a voltage is applied and thereby the absorption -peak wavelength of the 
2S semiconductor core is shifted to the long wavelength region, whereby forming the otoctrodo for applying the voltage 
to absorb the optical signal into the semiconductor core as a traveling-wave electrode. More specifically, an electric 
signal (i.e. voltage) input port is provided at the optical signal input side, and an electric signal output port is provided 
at the optica! signal output side. With this construction, the electric signal and optical signal run in the same direction. 
With the construction according to the present invention, a problem in that an electrical 3-dB bandwidth Af^, is limited 
30 by CR constant is eliminated. Therefore, in particular, when the electric signal and optical signal are velocity matched, 
length of the semiconductor core for absorbing light when light is off can be increased, thereby achieving ultra-high 
speed optical modulation while maintaining a high extinction ratio. 

A second aspect of the present invention, an ultra-high speed semiconductor optical modulator with a traveling- 
wave electrode comprising a semiconductor core shorter in absorption -peak wavelength than a wavelength of optical 
35 signal, and an electrode for applying an electric signal to absorb the optical signal by shifting the absorption-peak 
wavelength to a long wavelength region when the voltage is applied, wherein the electrode is constructed in the form 
of a traveling-wave electrode, which can be applied with an electric signal to one end thereof and an eleclrk: signal 
can be taken out from the other end, and a total thickness of non-doped semiconductor layers including the semicon- 
ductor core is decreased so that a driving voltage of electric signal is reduced. 
40 Here, by decreasing the interaction length of the electric signal and optical signal, degradation of optical modulation 

bandwidth and reflection characteristics of electric signal due to a characteristic impedance mismatching between an 
outer circuit and the traveling-wave electrode caused by decreasing the total thickness of non-doped semiconductor 
layers including the semiconductor core may be reduced. 

Further, by adjusting a doping concentration of a p-type doped layer located above or beneath the semiconductor 
45 core, the mismatching of the characteristic impedance may be corrected. Still further, by adjusting the doping concen- 
tration of an n-type doped layer located above or beneath the semiconductor core, the mismatching of the characteristic 
impedance may be corrected. 

Yet further, the non-doped semiconductor layer may be free of a semiconductor layer other than the semiconductor 
core. Yet further, in the non-doped semiconductor layer, the semiconductor layer other than the semiconductor core, 
50 if present, may be very small in thickness. 

Yet further, the total thickness of the non-doped semiconductor layers including the semiconductor core may be 
less than approximately 0.5 iim. Yet further, the interaction length of the electric signal and optical signal may be less 
than approximately 400 |im. Yet further, the characteristic impedance of the traveling-wave electrode may be loss than 
approximately 40 £1. 

55 Yet further, It may be that the total thickness of non-doped semiconductor layers including the semiconductor core 

is less than approximately 0.5 jim, the interaction length of the electric signal and optical signal is less than approxi- 
mately 400 |im, and the characteristic Impedance of the traveling-wave electrode is less than approximately 40 Q. 
Yet further, the other end of the traveling-wave electrode may be connected with a termination resistor. 
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With the second aspect of the present invention, since the total thickness of non-doped semiconductor layers is 
decreased, an electric field strength in a MQW core increases and. as a result, a shift amount in absorption -peak 
wavelength of the MQW core can be increased, thereby reducing the driving voltage necessary for obtaining a desired 
extinction ratio. 

Yet further, when the total thickness of non-doped semiconductor layers is decreased, there may be a case in 
which the characteristic impedance is decreased and. as a result, degradations in optical modulation bandwidth and 
reflection of the electrical signal are caused. However, this decrement of the characteristic impedance can be com- 
pensated by setting an interaction length L of electric signal and light to a shorter value, and optical insertion loss can 
be suppressed thereby. 

Yet further, by adjusting the doping concentration of the doped layer located above or beneath the MQW core 
mismatching of the characteristic impedance can be compensated, thereby optical modulation of wider bandwidth can 
be achieved and the reflection of the electrical signal can be suppressed. 

Therefore, according to the present invention, a semiconductor optical modulator can be achieved which has both 
advantages of lumped-element electrode construction and traveling-wave electrode construction, is low in driving volt- 
is age, and has ultra- wide-band optical modulation characteristics. 

The above and other objects, effects, features and advantages of the present invention will become more apparent 
from the following description of the embodiments thereof taken in conjunction with the accompanying drawings. 

Figure 1 is a schematic view showing the structure of a prior art semiconductor electro-absorption optical modulator 
20 with a lumped-elemenl electrode; 

Figure 2 is a graph showing an optical absorption spectrum characteristic of MQW core of the prior art semicon- 
ductor optical modulator; 

Figure 3 is a circuit diagram showing an equivalent circuit including an outer driving circuit and a prior art semi- 
conductor optical modulator with a lumped-element electrode; 
2S Figure 4 is an equivalent circuit diagram when operating a prior art semiconductor optical modulator with a traveling- 

wave electrode utilizing a change in refractive Index; 

Figure 5 is a schematic view showing the structure of the semiconductor optical modulator with a traveling-wave 
electrode according to a first embodiment of the present invention; 

Figure 6 is a graph showing the relationship between total thickness of non-doped layers D of MQW core shown 
30 in Fig. 5 and a driving voltage; 

Figure 7 is a schematic view showing the structure of the semiconductor optical modulator with a traveling-wave 
electrode according to a second embodiment of the present invention; 

Figure 8 is a graph for explaining the principle of the second embodiment according to the present invention, 
showing an influence of microwave propagation loss a„ of a traveling-wave electrode on optical modulation char- 
acteristics when the microwave propagation loss a is small (a^ = 5 dB/cm); 

Figure 9 is a graph for explaining the principle of the second embodiment according to the present invention, 
showing an influence of microwave propagation loss a^, of a traveling-wave electrode on optical modulation char- 
acteristics when the microwave propagation loss a^^ is large (0^, = 20 dB/cm); 

Figure 10 is a graph for explaining the principle of the second embodiment according to the present invention, 
showing calculation results of optical modulation characteristics when the microwave propagation loss a- of the 
traveling-wave electrode is very large (a^^ = 100 dB/cm); 

Figure 11 is a graph for explaining extinction characteristics vs. applied voltage of the semiconductor MQW mod- 
ulator of the first embodiment shown in Fig. 5; 

Figure 12 is a graph for explaining a dependence of the length of i-MQW core on driving voltage of the semicon- 
ductor MQW modulator of the first embodiment shown in Fig. 5; 

Figure 13 is a graph for explaining the principle of the second embodiment according to the present invention, 
showing optical modulation characteristics when a characteristic impedance Z is apparently 35£2; 
Figure 14 is a graph showing optical modulation characteristics of an optical modulator fabricated by applying the 
second embodiment according to the present invention; 

Figure 15 is a graph showing extinction characteristics of an optical modulator fabricated by applying the second 
embodiment according to the present invention; 

Figure 16 is a schematic top view showing the structure of the semiconductor optical modulator with a traveling- 
wave electrode according to the third embodiment; 

Figure 17 is a schematic cross-sectional view of the third embodiment of the semiconductor optical modulator with 
a traveling-wave electrode shown in Fig. 16 at XVII - XVII; 

Figure 18 is a schematic cross-sectional view of the third embodiment of the semiconductor optical modulator with 
a traveling-wave electrode shown in Fig. 16 at XVIII - XVIII. 
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<First embodiment> 



10 



IS 



20 



2S 



A first embodiment of the present invention is shown in Fig. 5. In the figure, as in the prior art example the reference 
numeral 1 indicates a p-side electrode. 2 is a p-lnGaAs cap layer, 3 is a p-lnP cladding layer. 5 Is a core layer and 
also in the present embodiment, an i-lnGaAIAs (130 AyinAIAs(50 A) multi-quantum well (MQW) is exemplified' The 
reference numeral 6 indicates an n-lnP cladding layer. 7 is an n-lnP substrate, and 8 is an n-side electrode' The 
reference numeral 9 indicates a polyimide layer and 4 is an i-lnP layer Such a structure can be fabricated by a con- 
ventional semiconductor device fabrication technology. 

Here, a major difference of the present embodiment from the prior art example shown in Fig 1 is that the p-side 
electrode, 1, is a traveling-wave electrode. The electrode located above the polyimide layer, 9, is an electric signal 
input port, I, which is inputted with an electric signal (reverse-bias voltage) from a driving signal generator (not shown) 
On the other hand, an output port, II. is provided on the electrode of the optical signal output side, which is connected 
with a termination resistor That is. during the time when light is inputted and propagates in the i-MQW optical modulator 
the electric signal also propagates in the same direction over the entire length of the optical modulator Since durinq 
the time when both signals run in the same direction, by the electric signal the absorption-peak wavelength of the t 
MQW core is shifted to the long wavelength region, as a result, the light is absorbed resulting in the off-state 

In the present embodiment, the p-side electrode, 1 , is a traveling-wave electrode. However, since the characteristic 
impedance of the electric signal generator SG is 50 a. It is desirable that the characteristic impedance of the electro- 
absorption MQSN is equal to or in the vicinity of 50 i2. Therefore, in the present embodiment, the i-lnP layer 4 is 
provided between the MQW core, 5, and the p-lnP cladding layer, 3, so that the characteristic impedance of the MQW 
modulator including the p-side electrode. 1 . is 50 ft. The termination resistor connected to the output port II of the 
electrode 1 has a resistance of 50 £2. r i- . . 

The electrical 3-dB modulation bandwidth Af^, of the semiconductor electro-absorption optical modulator with the 
traveling-wave electrode, for simplicity, when the microwave propagation loss of the traveling-wave electrode is as- 
sumed as 0 and the characteristic impedance as 50 Si, is represontod as 
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Af„=1.4Co/(«(|n„-no|)L). (7) 

Here, c„ is light velocity. n„ is an effective index of the MQW optical modulator to the electric signal, n is an effective 
index of the modulator to the signal light, and L is an interaction length of the traveling-wave electrode and the i-MQW 
core 5 Therefore, from Eq. (7). when L is set at 300 ^.m. n„ at 3.4, and n„ at 3.2, ultra-wide-band optical modulation 
can be achieved with Af^i of about 2200 GHz. 

Further, when the electric signal and optical signal are velocity matched, that is, when n„ = n, the bandwidth 
limitation factor is only the microwave propagation loss of the electrode even when the length L of the i-MQW core 5 
is increased to increase the extinction ratio R of light. Since the microwave propagation loss can be reduced by" in- 
creasing the thickness of the electrode and so on. this can also achieve ultra-wide-band operation of the optical mod- 
ulator 

Still further, in the present embodiment, the entire multilayer structure above the lower cladding layer 6 is ridge- 
formed and the side surface of the i-MQW core is exposed to the air That is. a so-called high-mesa-structured optical 
modulator is shown. Of the multilayer structure, only part of the i-lnP layer 4. the upper cladding layer 3 the InGaAs 
cap layer 2, and the p-side electrode, 1 , may be ridge-fomied to form a so-called strip kiaded configuration 

Yet further, in the present embodiment, the i-lnP layer, 4, is provided between the i-MQW core. 5 and the upper 
cladding layer, 3. However, the i-lnP layer may be provided between the i-MQW core, 5, and the lower cladding layer. 
6. This construction avoids increasing of signal voltage to produce a depletion layer in the i-MQW core, 5 particularly 
even when the purity of the non-doped MQW core and the InP layer is not sufficiently high, a course the non-doped 
I nP layer may be provided both above and beneath the MQW core. 5. 

Since, in the present invention, it is sufficient that the electrode is a traveling-wave electrode, needless to say 
configurations of the p-side and n-side electrodes are not important, and a semi-insulating substrate may be used as 
the substrate. Further the i-MQW core, 5. may be other MQW compositions such as l-lnGaAs/lnP. and it is also possible 
to use a quarlernary bulk composition such as i-lnGaAsP. 

As described above, with the first embodiment of the present invention which uses a traveling-wave electrode a 
semiconductor electro-absorption optical modulator which is superior in temis of optical modulation bandwidth can be 
achieved without degrading the extinction ratio. 
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<Second embodiment> 

In the first embodimeni of the present invention, the p-side electrode. 1 , for applying the electric signal is a traveling- 
wave electrode that is, during the time when light is inputted and propagates in the MQW optical nradulator, the electnc 

s sianal also propagates in the same direction as the light over the entire length of the optical modulator and the mod- 
ulation characteristics is determined from Eq. (4). Since, during the time when both signals run in the same direction, 
bv the electric signal the absorption-peak wavelength of the i-MQW core. 5. is shifted to the long wavelength region, 
then the light is absorbed resulting in the off-state. Further, since the electrode is a traveling-wave electrode, the p- 
side electrode, 1 , as shown in Fig. 5, is provided with an electric signal input port. I. and output port, II. The output port 

10 is connected with a 50 a termination resistor „ . ^ .• . h„^i„,<.nf 

Since in general, the characteristic impedance of the electric signal generator is 50 n. in the first embodiment, 
it is considered that the characteristfc impedance of the traveling-wave electrode is preferably equal to or in the vicinity 
of 50 U the thickness D of the total doped layers is increased by providing the WnP layer. 4, between the MQW core, 
5, and the p-lnP cladding layer. 3. so that the characteristic impedance of the MQW modulator including the p-side 

IS electrode^ 1 -^l^^^^"^^.^ ^^^^^ absorption-peak wavelength ot the i-MQW core, 5, is proportional to the square of 
electric field strength applied. Specifically, when the thickness of the i-lnP layer 4 is increased so as to set the char- 
acteristic impedance Z of the traveling-wave electrode at 50 ft the electric field in the i-MQW core, 5. is decreased 
inversely proportional to the total thickness D of the non^Joped layers, however, the shift amount of absorption-fjeak 

20 wavelength ol the i-MQW core, 5. is decreased inversely proporltonal to the square of the total thickness D as described 
above. Therefore, the driving voltage to obtain a desired extinction ratio is increased proportional to the square of the 
total thickness D of the non-doped layers. 

Figure 6 shows this condltton when the thfckness of the MQW core. 5. is 0.2 nm (driving voltage to achieve an 
extinction ratio 20 dB is 1 .5 V). That is. when the thickness of the i-lnP layer, 4. is increased so that the characteristic 

25 impedance Z of the travoling-wavo electrode is in the vicinity of 50 ft the driving voltage is increased. It cmi be rec- 
ognized from Fig. 6 that, for example, when the total thfckness of the non-doped layers is assumed as 0.6 pm, the 
drivinq voltage is as high as 13.5V. ^ • .u 

The i-MQW core 5. has a length of 200 pm. The value of 0.6 pm of the non-doped layers described here is the 
maximum thickness in the experiments ever conducted. In order to achieve an actual 50 n system, it is necessary that 

30 the total thickness D of the non-doped layers is about half the width of the ridge, that is, about half the width of the .- 
MQW core 5 in Fig 1 1 Therefore, when the ridge width is assumed as about 2 pm which is a width of common optical 
waveguides, the total thickness D of the non-doped layers is as large as about 1 pm and then the driving voltage is 

considerably increased. , . ■ . „ 

On the other hand, where an increase in absorption coefficient of the i-MQW core. 5. by applying voltage is Aa. a ■ 
35 confinement factor (confinement rate) of the guided wave to the i-MQW core, 5. is r, and an interaction length o the 
traveling-wave electrode and the optical waveguide comprising the i-MQW core, 5, is L. an extinctKJn ratio R of the 
electro-absorption optical modulator is represented by Eq. (3) shown above (K. Kawano et al., IEEE Journal of Quantum 
Electronics vol 28, pp. 224-230, 1 992). 

Then as can be seen from Eq. (3) shown above, degradation of electric field In the i-MQW core 5 by ncreasing 
40 the total thickness D of the above-described non-doped layers and, in turn, degradation in extinction ratio can be 
compensated by increasing the interaction length L of electric signal and light. As described above, in the anangement 
of the first embodiment shown in Fig. 5. it is necessary to increase the interaction length L. However, in the electro- 
absorption optical modulator, since the absorption-peak wavelength of the i-MQW core, 5. is relative^ close to the 
operating wavelength (tor example, for an operating wavelength of 1 .55 pm. absorption-peak wavelength is 1 .49 pm), 
45 as can be seen from the light absorption factor shown by the following lonnula, 



exp(-ao- r -L), 



(8) 



so propagation loss ot light is increased when voltage is not applied and. as a result, Insertion toss as the optical niodulator 
is increased Here, cto is a light absorption coefficient al the operating wavelength when a voltage is not applied. 

That is the semiconductor electro-absorption optical modulator with the traveling-wave electrode according to the 
first embodiment still has a point that has yet to be solved in that the driving voltage is increased or insertion loss is high. 
Then the second embodiment of the present invention provides a semiconductor electro-absorption optical mod- 
55 ulator with a traveling-wave electrode, which is superior in terms of the driving voltage and insertion loss. 

Figure 7 shows the structure of the wide-band semiconductor electro-absorption optical modulator according to 
the second embodiment of the present invention. Here, same as the first embodiment shown in Fig. 5, the i-MQW core. 
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5 comprises, for oxarriple. an InGaAIAs well (thickness: 130 A) and an InAIAs barrier (thickness: 50 A) the total 
thickness thereof is about 0.1 to 0.5 ,im. The i-MQWcore. 5. has a width of about 1 to 2 (.m. Unlike the first ernbodiment 
, shown in Fig. 5. the second embodiment of the present invention has not the i-lnP layer. 4, or if present since it is verv 
thin, as can be seen from Fig. 6. there is no increasing factor ol the driving voltage. Therefore, it can be seen that the 
s semiconductor electro-absorption optical modulator according to the second embodiment of the present invention oo- 
erates at a low dnving voltage. However, the characteristic impedance Z of the traveling-wave electrode is lower than 
50 i2 (for example, about 20 £2). If the characteristic impedance of the outer driving circuit is matched with the charac- 
teristic impedance Z of the traveling-wave electrode (about 20 ii in this example), the optical modulator accordinq to 
he second embodiment of the present invention is possible for wideband operation even when the interaction length 
10 L IS increased to some degree (for example, 300 \m). 

However, if the outer driving circuit is a 50 system, in the second embodiment the interaction length L of the 
electnc signal and light is decreased. That is. the length of the i-MQW core. 5, is decreased. Other structure shown in 
Fig. 7 is almost the same as that of the first embodiment shown in Fig. 5. 

In general the reason why the characteristic impedance Z of the traveling-wave electrode is preferably 50 Q is 
that the outer driving circuit is often the 50 Q system and the characteristic impedance is to be matched between the 
optica modulator and the outer circuit being the 50 ii system. Influences of the low characteristic impedance on the 
optical modulation bandwidth due to a decrease in the thickness D of the non<Joped layers according to the present 
invention will be discussed below. a uio k"**"'" 

The equivalent circuit including the outer driving circuit and the semiconductor electro-absorption optical modulator 
with ihe traveling wave electrode is the same as the prior art example shown in Fig. 4, where Sq is a driving signal 
generator. Rq is a characteristic Impedance of the driving signal generator, Rl is a termination resistor and Z is a 
characteristic impedance of the optical modulator. An optical 3-dB modulation bandwidth Af of the semiconductor elec- 
tro-absorption optical modulator with the traveling-wave electrode can be calculated using this equivalent circuit model 
For example, the optical 3-dB modulation bandwidth Af, for simplicity, when the microwave propagation loss of the 
travoling-wavG electrode Is assumed as 0 and the characteristic impodanco Z is assumed as 50 n, is represented as: 

Af=1.9Co/(n(|n„-nJ)L), O) 



IS 



20 



2B 



30 



as 



40 



(K. Kawano., The Journal of the Institute of Electronic, Information and Communication Engineers pp 1 306-1 31 3 Dec 
1993). Here, Cq is light velocity, n„ is an effective index of the MOW optical modulator to the electric signal nn'is an 
effective index of the signal light, and L is an interaction length of the traveling-wave electrode and the i-MQW core 5 
Optical modulation characteristics, detemiined by assuming the effective index n„ of the MOW modulator to the 
e ectnc signal as 4.0 and the effective index to the signal light as 3.2, are shown in Figs. 8 and 9. To clarify the effects 
of the microwave propagation loss of the traveling-wave electrode, Fig. 8 shows a case when the microwave prop- 
agation loss a„ IS small (a, = 5 dB/cm), and Fig. 9 shows a case when the electric signal propagation loss a„ is large 
> - ^5 "r""^- characteristic impedance Z of the optical modulator was 20 D. Further, the interaction length L 
(in Fig. 7 the length of the i-MQW core, 5) of the electric signal and light was varied as a parameter from 50 nm to 1 mm 
Still further, the characteristic impedance of the outer circuit (characteristic impedance Rq of the driving signal 
generator and charactenstic impedance Rl of the termination resistor) was assumed as 50 CI 

As can be seen from Fig. 8, when the characteristic impedance is low, a case in which the optical 3-dB modulation 
bandwidth Af becomes narrower than 20 GHz is the case where the interaction length of electric signal and light is as 
long as about 1 mm. However, when the interaction length L is as short as about 50 to 1 CO Hm, ultra-wide-band optical 
modulation of several 100 GHz is possible even with the traveling-wave electrode of low characteristic impedance as 
^® used in the present embodiment. ^ «c«ii,oao 

Further, Figure 9 shows a calculated result of optical modulation characteristics when the microwave propagation 
loss a„ of the traveling-wave electrode is relatively large as 20 dB/cm, and Fig. 10 shows a calculated result of optical 
modulation characteristics when the electric signal propagation loss of the traveling-wave electrode is very large 
so T ? ^ ^""^ ^ °- P'®^°"' invention has advantages that since the interaction length 

L IS short, a wide modulation bandwidth ol more than 100 GHz can still be achieved even with these microwave proo- 
agation losses. ^ 

Because the characteristic impedance of the optical modulator is low, there is a fear of reflection of electric signal 
from the optical modulator to the driving signal generator Sq. However, this is not a problem since the interaction length 
L of the optical modulator is sufficiently short as compared with the driving microwave wavelength (about 1 mm on the 
n-lnP substrate 7 at a modulation frequency of 100 GHz). That is, an important point in the present invention is that 
as a result of decreasing the total thickness D of the non-doped layers to decrease the driving voltage, wideband optical 
modulation can be achieved by shortening the interaction length L of electric signal and light even when the charao- 
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tertstic impedance Z is considerably different from 50 Q. 

Yet further, since the length of the MQW core layer. 5= of large absorption is shorter, optical insertion loss can also 
be reduced It has been described that the interaction length L is preferably very short as 50 to lOO^im However even 
when the interaction length L is slightly longer as less than 200 urn. less than 300 ^im, or less than 400 jam the effect 
s of the present invention can be achieved although with slight degradation of the modulation Index for example as 
shown in Fig. 8. . r . 

Figure 11 shows the relationship between the extinction ratio and applied voltage when the thickness and the 
length of the i-MQW core. 5. are 0.6 ^im and 200 urn. respectively. As can be seen in Fig. 11. the extinction ratio Is 
small in the region where the applied voltage is low and rapidly Increases as the applied voltage increases (refer to 
10 Eq. (3)). 

On the other hand. dB expression of the extinction ratio is obtained by operating 10 log to the above Eq (8) which 
is proportional to the length L of the i^MQW core. 5. Here, driving voltage reduction effect by increasing the length L 
of the i-MQW core. 5. will be discussed in the following. 

First, as can be seen from Fig. 11 , to obtain an extinction ratio of 20 dB when the length L of the i-MQW core 5 
IS 200 ^im, the applied voltage is 1 3.5V. which is the driving voltage. When the length L is doubled to 400 ^im to obtain 
the extinction ratio of 20 dB, in Fig. 11 which is shown for the case where the length L is 200 ^im. the applied voltage 
for the extinction ratio 10 dB is the driving voltage, which is about 10.5 V. That is. even when the length is doubled 
the driving voltage is decreased by only 3 V from 13.5 V. rather than halved. Fig. 12 shows the relationship betweeri 
the length L of the i-MQW core. 5, and the driving voltage for the case where the thickness of the i-MQW core 5 is 
as thick as 0.6 ^im. As described above, it is confirmed that the driving voltage cannot be remarkably reduced' even 
when the length L of the i-MQW core. 5. is increased. Further, since It has been experimentally confirmed that the 
electro-absorption i-MQW core. 5, has a light propagation loss of 100 to 300 dB/cm. light propagation loss will become 
considerably large if the length L is increased (light propagation loss is 1 0 to 30 dB when the length L of the I-MQW 
core, 5. is 1 mm). 

Thoroforo, by decreasing the thickness of the non-doped layers as proposed in the present invention, a low driving 
voltage can be achieved which has not heretofore been obtained with the traveling -wave electrode structure 

It is needless to say that when only the i^MQW core. 5. works as the non-doped layers and the characteristic 
impedance Z of the traveling-wave electrode is too low as less than 5 U and degradation of optical modulation bandwidth 
cannot be compensated even by decreasing the interaction length L. the characteristic impedance Z may be slightly 
increased by providing other thin non^oped layer between the I-MQW core, 5. and the n-lnP cladding layer 6 for 
example, in Fig. 7. 

Next, thickness of the total non-doped layers in the present invention will be discussed. Although it has been 
described that Fig. 6 shows the driving voltage required for realizing an extinctk5n ratio of 20 dB using the thickness D 
of the total non-doped layers as a variable in the case where the thickness of the i-MQW core, 5. Is 0 2 urn as can be 
seen from Fig. 6. the driving voltage Is the lowest as 1.5V only when the thickness D of the total non-doped layers is 
only the thickness of the i-MQW core. 5. that is. when there is no other non-doped layers than the i-MQW core, 5 As 
can be seen in Fig. 6. when the thickness D of the total non<loped layers is gradually increased to 0.3 pm. 0.4 pm, 
and 0.5 pm. the driving voltage increases, and a drivable driving voltage is obtained if it is less than 0.5 pm. It Is 
needless to say that when a thin non-doped layer is provided between the i-MQW core, 5, and p-lnP cladding. 3, the 
driving voltage is Increased more than when the thin non-doped layer is provided between the i-MQW core. 5, and the 
n-lnP cladding, 6. and the effect of the present invention can be achieved as far as the non-doped layer is thin. 

<Modification of second embodiment> 
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45 Since, in the second embodiment shown in Fig. 5, the doping concentration of the p-lnP cladding layer 3. and the 

n-lnP cladding layer. 6. is as high as. for example, 1 x lO^Q/cmS. these layers are high in conductivity as can be 
regarded as a conductor, and the characteristic Impedance Z is low. In a modification of the second embodiment of 
the present invention described below, the characteristic impedance Z can be increased by adjusting the doping con- 
centration (for example, to 3 X W^Vcm^) of the p-lnP cladding layer. 3. located above the i-MQW core 5. or the n-InP 

so cladding layer 6. located beneath the i-MQW core. 5. Further, depending on the value of the doping concentration, 
the characteristic impedance can be set at 50 Q or more. Still further, it is also possible that microwave resistance 
component is intentionally increased by adjusting the doping concentration, thereby increasing the apparent charac- 
teristic impedance Z. Yet further, since the offectivo index of the electric signal propagating in the traveling-wave elec- 
trode can be adjusted by adjusting the doping concentration, velocity matching can be made between the electric signal 

55 and signal light. 

Figure 1 3 shows optical modulation characteristics when the characteristic impedance Z is apparently 35 O. When 
the above-described latter technique, that is, the characteristic impedance Z is corrected so that the resistance of the 
traveling-wave electrode is increased, In general, the optical modulation bandwidth is narrowed. However, since, in 
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the present invention, the interaction length L is shortened, the effect to apparently Increase the characteristic Imped- 
ance Is larger even with these electric signal propagation losses. Thus, a very wide modulation bandwidth can be 
realized as shown in Fig. 13. That is. in the case of the second embodiment, the optical 3-dB modulation bandwidth 
Af becomes wide, and a wider optical modulation bandwidth is possible than the case of the second embodiment shown 
In Fig. 10 in which only the electric signal loss is increased with the characteristic impedance Z unchanged from 20 52 
Further, also in the structure where the non-doped layer is provided above or beneath the i-MQW core. 5, in the 
second embodiment shown in Fig. 5, when reduction of the characteristic impedance is corrected by adjusting the 
concentration of the doped layer located above or beneath the i-MQW core. 5, the effect of the present invention can 
be achieved. Also in the case, when the thickness D of the total non-doped layers is gradually increased to 0.3 ^m 
0.4 lom. and 0.5 pm. the driving voltage increases. However, a drivable driving voltage can be obtained if it Is less than 
0.5 nm. 

Since, in the present invention, it Is sufficient that the electrode is a traveling-wave electrode, it is needless to say 
that the p-side and n-side electrodes may be of any type, and a semi-insulating substrate may be used as the substrate 
Further, the i-MQW core. 5. may be other MQW compositions such as l-lnGaAs/lnR and it is also possible to use a 
quartemary bulk composition such as i-lnGaAsR Stilt further, unlike the first and second embodiments, the upper 
portion of the i-MQW core, 5, may be composed of an n-type semiconductor and the lower portion be a p-tvoe semi- 
conductor. 

Measured results of optical modulation characteristics and extinction characteristics of wide-band electro-absorp- 
tion optical modulators fabricated by applying the present Invention are respectively shown in Figs. 14 and 15. The 
structure of the optical modulators were as shown below individually Acoplanar-waveguide (CPW) electrode was used 
as the traveling-wave electrode, a 0.2 ^im thick MQW was used as the non-doped layer, the InGaAIAs well and the 
InAIAs barrier were 1 30 A and 50 A, respectively in thickness, and the exciton-peak wavelength was 1 .49 pm Further 
the doping concentration of the p-lnP cladding and n-lnP cladding was 5 X IQi^/cm^. and a semi-insulating I nP sub- 
strate was used as the substrate. As can be seen in Figs. 14 and 15, an optical 3-dB modulation bandwidth of 50 GHz 
as the measuring instrument limit thereof was obtained and also a low driving voltage under 2 V (in the Figs. 14 and 
15. defined as a voltage required for the insertion loss to increase from 1 dB to 16 dB (15 dB extinction ratio) was 
obtained. 

<Third embodiment> 

Figure 16 shows a top view of the third embodiment. Figures 17 and 18 respectively show cross-sectional views 
at A-A* and B-B* in Fig. 16. Here, a p-side electrode. 1, and an n-side electrode, 10. are respectively used as the 
center conductor and earth conductors of the CPW traveling-wave electrode. The substrate. 11 , is semi-Insulating InP, 
and 12 is an electrode separation gap. Unlike the structures in Figs. 5, 7 and 14, the electric signal input port. I, the 
region for interaction between an electric signal and a light, and the output port, II. are positioned in a straight line 
Since this structure does not have bending portions, there is no fear of the electric signal reflections. Further since the 
interaction length is about 50 to 400 ^m, which is equal to the width of the p-slde electrode, 1, the traveling-wave 
electrode is much wider than those of the structures in Figs. 5. 7 and 14 (about 1 to 2 ^m). Hence, the loss of the 
electric signal as it propagates to the interaction region is much smaller than the cases in Figs. 5. 7. and 14. On the 
other hand, the characteristic impedance of the traveling-wave electrode may be very low. However, since the length 
of the low characteristic impedance region for the traveling-wave electrode is only the width of the optical waveguide 
which is equal to the width of the i-MQW core, 5 (about 1 to 2 pm), the influence of the low characteristic impedance 
of the traveling-wave electrode on the reflection characteristics of the electric signal Is negligibly small. 

In this embodiment, the propagation directions of the electric signal and light are perpendicular to each other This 
is equivalent to setting the effective index of the electric signal at zero in Eqs. (4) and (5). However, since the interaction 
length L In these equations is short (as mentioned above, about 50 to 400pm). wide-band optical modulation is possible. 
Further, the electric potential distribution is almost uniform on the p-side electrode, 1, along the direction of the light 
propagation. In other words, the propagation loss of the electric signal along the direction of light propagation is ex- 
tremely small. This also contributes to the wide-band optical modulation. 

In the structure shown in Fig. 16. the propagation directions of the electric signal and the light are perpendicular 
to each other. However, it is possible to obliquely position the optical waveguide and the traveling-wave electrode. 
Further, in this case, the electric signal and the light run at a certain angle. Thus, the effective index of the electric 
signal nm in Eqs. (4) and (5) is not zero. Since the effective index of the electric signal for the light becomes a projected 
component of the effective index of the electric signal nm along the traveling-wave electrode to the optical waveguide, 
it is possible to adjust the effective index of the electric signal for the light by appropriately choosing the angle betweeri 
the propagation directions of the electric signal and the light, i. e., the angle between the optical waveguide and the 
traveling-wave electrode. 

Further, in this embodiment, the characteristic Impedance of the traveling-wave electrode can be adjusted by 
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modifying the doping concentration. 

As in the second embodiment, when only the i-MQW core. 5. works as the non-doped layer, and the characteristic 
impedance of the traveling -wave electrode is too low for the outer circuit, the characteristic impedance may be slightly 
increased by providing the other thin nonKioped layer between the i-MQW core. 5. and the n-lnP claddina laver 6 for 
example, w j . . 

As described above, with the second embodiment of the present invention, since, in the semiconductor electro- 
absorption optical modulator using a traveling-wave electrode, the total thickness D of the non-doped layers is set at 
a thin thickness, the electric field strength In the core of the optical waveguide is Increased As a result since shift 
amount of the absorption-peak wavelength of the core can be increased, it is possible to reduce the driving voltage 
required to obtain a desired extinction ratio. Further, degradation of optical modulation bandwidth and reflection char- 
acteristics of the electric signal due to a mismatching in characteristic impedance between an outer circuit and the 
semiconductor optical modulator caused by decreasing the total thickness of the non-doped layers can be suppressed 
by setting the interaction length L of electric signal and light at a short value, and the optical insertion loss can be 
suppressed to a low value thereby. 

Yet further, with the second embodiment of the present Invention, in addition to the above^jescribed effects by 
adjusting the doping concentration of the doped layer located above or beneath the MQW core, the above-described 
mismatching in characteristic impedance can be compensated so as to achieve wider bandwidth modulation and a 
wideband semiconductor electro-absorption optical modulator with a traveling-wave electrode can be provided' which 
is superior in terms of driving voltage and optical insertion loss. 

Yet further, in the third embodimenl of the present invention, tike in the second embodimenl. the reflection and 
propagation loss of the electric signal can be greatly suppressed by positioning the electric signal input port, interaction 
region, and electric signal output port in a straight line. 

Therefore, with the present invention, it can be realized that a semiconductor optical modulator which has advan- 
tages of a both lumped-element electrode construction and a traveling -wave electrode construction, is low in driving 
voltage and insertion loss, and has optical modulation characteristics of ultra-wido bandwidth. 

The present invention has been described in detail with respect to various embodiments, and it will now be apparent 
from the foregoing to those skilled in the art that changes and modifications may be made without departing from the 
invention in its broader aspects, and it is the intention, therefore, in the appended claims to cover all such changes 
and modifications as fall within the true spirit of the invention. 



Claims 



. An ultra-high speed semiconductor optical modulator with a traveling-wave electrode characterized by comprising- 
a semiconductor core (5) shorter in absorption -peak wavelength than a wavelength of optical signal and an elec- 
trode for applying an electric signal to absorb the optical signal by shifting said absorption-peak wavelength to a 
long wavelength region when a voltage is applied, characterized in that an electric signal input member (I) and an 
electric signal output member (II) are arranged in said electrode such that said electrode is constructed in the form 
of a traveling-wave electrode. 

and a total thickness (D) of non-doped semiconductor layers (4,5) Including said semiconductor core (5) is 
decreased so that a driving voltage of said electrical signal Is reduced. 

. The semiconductor optical modulator as claimed in Claim 1 , characterized in that degradation of optical modulation 
bandwidth due to a characteristic impedance mismatching to said outer circuit and reflection of said electric signal 
caused by decreasing the total thickness (D) of non-doped semiconductor layers (4,5) including said semiconductor 
core (5) are reduced by decreasing a length of an interaction portion of said electric signal and said optical signal. 

3. The semiconductor optical modulator as claimed in Claims 1 to 2, characterized in that degradation of optical 
modulation bandwidth and reflection characteristics are corrected by adjusting a doping concentration of a p^ype 
50 doped layer (3,6) located above or beneath said semiconductor core (5). 



4. The semiconductor optical modulator as claimed In Claims 1 to 2, characterized in that mismatching of said char- 
acteristic impedance is corrected by adjusting a doping concentration of an n-type doped layer (3,6) located above 
or beneath said semiconductor core. 

5, The semiconductor optical modulator as claimed in Claims 1 to 4. characterized in that said non-doped semicon- 
ductor layer has no other semiconductor layer than said semiconductor core (5). 
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6. The semiconductor optical modulator as claimed in Claims 1 to 5. characterized in that if said non<ioped semi- 
conductor layer has a semiconductor layer other than said semiconductor core (5). the semiconductor layer is verv 
thin in thickness. ^ 

7. The semiconductor optical modulator as claimed in Claims 1 to 6. characterized in that said total thickness of said 
non-doped semiconductor layers including said semiconductor core (5) is less than approximately 0.5 ^m. 

8. The semiconductor optical modulator as claimed In Claims 1 to 7, characterized in that a length of an interaction 
portion of said electric signal and said optical signal is less than approximately 400 ^m. 

9. The semiconductor optical modulator as claimed in Claims 1 to 8. characterized in that a characteristic impedance 
of said traveling-wave electrode is less than approximately 40 il. 

10. The semiconductor optical modulator as claimed in Claims 1 to 6, characterized in that a total thickness of non- 
doped semiconductor layers including said semiconductor core (5) is less than approximately 0.5 ^m; 

a length of an interaction portion of said electric signal and said optical signal is less than approximately 400 

|im; and ' 

a characteristic impedance of said traveling-wave electrode is less than approximately 4012. 

11. The semiconductor optical modulator as claimed in Claims 1 to 9, characterized in that said the other end of the 
traveling-wave electrode is connected with a termination resistor. 



12. 



30 14. 



55 



The semiconductor optical modulator as claimed in Claims 1 to 11 , characterized in that a characteristic Impedance 
of an outer circuit connected to said electrode is equal to a characteristic Impedance of said optical modulator 

13. The semiconductor optical modulator as claimed in Claims 1 to' 12, characterized in that a non-doped semicon- 
ductor layer is provided between said semiconductor core (5) and an upper cladding layer located thereabove. 

The semiconductor optical modulator as claimed in Claims 1 to 12, characterized in that a non-doped semlcon- 
ductor layer is provided between said semiconductor core (5) and a lower cladding layer located therebeneath. 

1 5. The semiconductor optical modulator as claimed in Claims 1 to 1 2. characterized In that non^joped semiconductor 
layers are provided individually between said semiconductor core (5) and said upper cladding layer located there- 
above, and between the semiconductor core and said lower cladding layer located therebeneath. 

16. The semiconductor optical modulator as claimed in claims 1 to 15. characterised in that an interaction portion of 
said electric signal and said optical signal, and an electric signal input member and an electric signal output member 
both connected to said interaction portion are substantially aligned in a straight line. 

17. A semiconductor optical modulator comprising: 

an intrinsic semiconductor core layer (5); 

opposed first and second cladding layers (3.6) provided on respective sides of said core layer (5); 
opposed first and second electrode layers (1.8) provided on respective sides of said opposed first and second 
cladding layers; 

an optical input port at one end of said core layer (5); and 

an optical output port at the other end of said core layer (5); wherein 

said core layer (5) is responsive to electric field applied thereacross such that an absorption peak wavelength 
thereof is shifted to longer wavelength in the presence of said electric field thereby to effect optical attenuation 
of light propagated along said core layer (5) from said optical input port to said optical output port; 

characterised by: 

a traveling wave electrical signal input port (I) adjacent to said one end of said core layer (5); 
a traveling wave electrical signal output port (II) adjacent to said other end of said core layer (5); 
wherein said opposed first and second electrode layers (1.8) have a configuration defining a traveling wave 
electrical signal waveguide and are effective to propagate a traveling wave electrical signal from said electrical 
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signal input port (i) to said electrical signal output port (II). 

1 8. A semiconductor optical modulator as claimed in claim 1 7, wherein said core layer (5) is of intrinsic multiple quantum 
well (i:MQW) construction. 



19. A semiconductor optical modulator as claimed in claim 18, including a layer of intrinsic semiconductor material (4) 
between said core layer (5) and one of said first and second cladding layers (3,6). 

20. A semiconductor optical modulator as claimed in claim 19, including respective first and second layers of intrinsic 
semiconductor material (4) between said core layer (5) and said first and second cladding layers (3.6). respectively. 

21. A semiconductor optical modulator as claimed in claims 19 or 20 and including an electrical signal generator 
connected to said electrical input port (I), a terminal resistance means connected to said electrical output port (II), 
and wherein the thickness of intrinsic semiconductor material defined by said core layer (5) and said layer (4) of 
intrinsic semiconductor material or respective first and second layers (4) of intrinsic semiconductor material, is 
provided such that the electrical impedance of the traveling wave electrical signal waveguide is matched to the 
internal electrical impedance of said electrical signal generator. 
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(54) Ultra-high-speed semiconductor optical modulator with traveling-wave electrode 



(57) A wideband semiconductor electro-absorption 
optical modulator including a semiconductor core (5) 
shorter in absorption -peak wavelength than a wave- 
length of optical signal, and an electrode for applying an 
electric signal to absorb the optical signal by shifting the 
absorption-peak wavelength to a long wavelength re- 
gion when a voltage is applied, wherein an electric sig- 
nal input port (I) and an electric signal output port (II) are 
disposed so that the electrode is constructed in the fonn 
of a traveling-wave electrode, and a total thickness (D) 



of non-doped layers including the semiconductor core 
is reduced to decrease a driving voltage. Degradation 
of optical modulation bandwidth and reflection charac- 
teristic of the electric signal caused by mismatching of 
characteristic impedance to an outer circuit are reduced 
by decreasing an interaction length of the electric signal 
and the optical signal. Further, mismatching of charac- 
teristic impedance Is corrected by adjusting a doping 
concentration of a p-type or n-type doped layer (3,6) lo- 
cated above or beneath the semiconductor core. 
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